Dhaka, the capital of Bangladesh, is a fast growing megacity with a population of 12.8 million. Due to its tropical location, dense urban morphology and higher than average density of population, buildings in Dhaka are likely to be adversely affected by the projected changes in climate, in particular by the increases in temperature. Buildings play a vital role in most aspects of our lives and their energy consumption patterns affect climate change mitigation and adaptation strategies. It is important to understand the likely impact of the projected increases in temperature on cooling and heating requirements in buildings in future climates. In this research, global projections on changes in temperature are temporally downscaled using a statistically averaged baseline present-day hourly weather data to generate future weather data in three timeslices: 2020s, 2050s and 2080s. Time series data for the present-day and future climates are analyzed as well as heating and cooling degree-days are calculated. Analysis shows that heating degree-days decrease whereas cooling degree-days continue to increase in future climates. The magnitude of change in monthly cooling degree-days is uneven and is greater in winter months than in summer and monsoon. Increased occurrences of temperatures above comfort threshold throughout the year are likely to have significant consequences for human health and wellbeing. The severity and duration of outdoor temperatures in the form of increased cooling degree-days in future climates will result in a surge in demand for energy for comfort cooling, which will add further stress to the already stressed energy infrastructure in the country. Prompt actions from stakeholders are, therefore, essential to enhance the resilience of Dhaka's buildings to climate change.
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Introduction
Bangladesh is cited as one of the countries most vulnerable to anthropogenic climate change [1] despite being responsible for only 0.15 % of global CO 2 emissions [2] . The flat and low-lying topography with high population density makes it particularly vulnerable to the impacts of climate change such as sea level changes and increased occurrences of floods and extreme weather events. The projected magnitudes of these impacts appear to be substantial in the case of Bangladesh [3] and have the potential to threaten the very existence of a large percentage of population, either by causing death and damage [1, 4] or by affecting livelihoods [5] . Evidence suggests that the government and development stakeholders are aware of the high magnitude climate change impacts and to some extent the means to adapt to these impacts [6, 7] . The development of policies and strategies to tackle the impacts of climate change has focussed only on the rapid and instantaneous disasters such as floods and extreme weather events that can cause visible disruptions to socio-economic systems. Long term gradual changes in climate such as increases in temperature and their impact on buildings and associated systems have not yet been prioritized or emphasized in the policies. One of the reasons behind this is the lack of research based evidence, which this research seeks to address.
The built environment is an important factor in understanding the cause and impacts of climate change. Buildings account for approximately 40 % of global energy consumption and corresponding carbon emissions [8] , the release of which in the atmosphere is the primary reason for anthropogenic climate change. On the other hand, changes in climate will impact on buildings, which in turn will affect the occupants. Understanding how buildings behave in the present-day and future climates is, therefore, key to reducing anthropogenic carbon emissions as well as to adapt to the inevitable climate change [9] . The first step in assessing a building's behavior in different climates is to understand the nature and magnitude of changes in climate parameters, the projections of which are done through the application of climate modeling techniques at various temporal and spatial resolutions. The underlying science of climate modeling has advanced over the past years [10] in terms of: the dynamical cores; horizontal and vertical resolutions of models; incorporation of more processes (e.g., the modeling of aerosols, land surface processes, etc.); and improved parameterization of physical processes [3] . However, the outputs from global and regional climate models need to be downscaled further for temporal granularity (hourly) to assess the performance of buildings in future climates.
Dhaka, the capital of Bangladesh, is characterized by a high concentration of people with a dense urban morphology. Its population stood at 12.8 million in 2008 [11] , which is projected to increase to 20 million in 2020, making it the third largest city in the world [12] . Rapid urbanization coupled with relatively weak planning control and building regulations resulted in densely constructed buildings with poor thermal and/or ventilation performances, even in reference to the present day climate. The urbanization in Dhaka since the 1970s is illustrated in Figure 1 with the help of two satellite images of the city and surrounding areas -one from 1972 and the other from 2001. Vegetation and wetlands were abundant in 1972, which shrank in size and were almost wholly replaced by roads and buildings by 2001. The city is surrounded by relatively wide rivers in all sides except in the North. The city could, therefore, grow northwards without incurring additional cost for land and infrastructure development. Weak transport infrastructure meant that there was an undue pressure on land in inner city areas for maximizing the built-up area. The characteristics of dense residential developments in Dhaka have been investigated in a recent article [13] , in which the author demonstrated how contemporary mid (=6 stories) to high rise (< 6 stories) buildings lacked adequate open spaces to allow natural ventilation and lighting in interior spaces. Buildings in Dhaka are, therefore, likely to be adversely affected by any increase in temperature. Increased pressure on land for new buildings to house the influx of migrants from rural areas will worsen the situation.
With regard to climate, Dhaka is characterized by high temperatures, high humidity, heavy rainfall and marked seasonal variations. According to Köppen-Geiger climate classification Dhaka's climate is classified as Aw or tropical wet and dry [14] . Overall, there are three main seasons in Bangladesh [4] :
• A hot summer season from March to June. Climate characteristics include high temperatures, a high rate of evaporation and erratic heavy rainfall.
• A hot and humid monsoon season from June to October with heavy rainfall accounting for around two thirds of the annual rainfall.
• A cooler and drier winter season from November to March.
The energy demand from a building is influenced by a large number of variables ranging from weather parameters (e.g., temperature, solar radiation, wind, moisture content of air, etc.) to the characteristics of the building (e.g., envelope, form, shape, materials, construction, etc.), its occupants (e.g., occupancy, activities, etc.) and its systems (e.g., type, performance, control schedules etc.). Analysis methods based on degree-days offer a convenient way to estimate energy demand, as it requires significantly less input processing than full dynamic building simulation, thereby reducing the potential for input errors while improving the transparency of the model [16] . The method also allows the assessment of the impact of the projected temperature increases in future climates on building energy demand; i.e., climate sensitivities, in a manageable way. This is because of the fact that changes in heating and cooling degree-days of a location can act as surrogates for trends in building energy consumption [17] .
This research is aimed at investigating the projected changes in Dhaka's temperature in the twenty-first century and how this may affect heating and cooling requirements in buildings. The concept of heating and cooling degree-days is applied. Projections from Intergovernmental Panel on Climate Change (IPCC) models are temporally downscaled using a statistically averaged baseline present-day hourly weather data to generate future weather data in three timeslices: 2020s, 2050s and 2080s. Heating and cooling degree-days are calculated from the generated hourly data to investigate temporal changes in degree-days and the implications these may have on building energy demand.
Methodology

Degree-days
The concept of degree-days has been widely used to estimate weather related energy consumption and in some cases the corresponding CO 2 emissions due to space cooling or heating in buildings at various locations worldwide [18] [19] [20] [21] [22] . The estimate can be used for benchmarking a building's expected performance against other buildings of similar characteristics, as well as to set energy budgets or negotiate energy tariffs. The other use of degree-days is the ongoing monitoring and analysis of weather related energy consumption and corresponding CO 2 emissions of existing buildings based on historical data [16] , which can assist in evaluating a building's performance during operation and identify changes in consumption patterns; provide some building and system characterizations; and to set future energy consumption and emissions targets. The trend of changes in degree-days in future climates is, therefore, indicative of the magnitude of the impact of the projected increases in temperature on buildings. 
Calculating degree-days
Degree-days are defined as the summation of temperature differences over time, between a reference temperature and the outdoor air temperature. They capture both the severity and duration of outdoor temperatures. The reference or base temperature is also termed as the balance point temperature; i.e., the outdoor temperature at which the cooling or heating system does not need to run in order to maintain comfort conditions in a building [23] . The heating system needs to operate when the outdoor temperature is below the heating base temperature. The cooling system, on the other hand, operates when the outdoor temperature is above the cooling base temperature. The calculation of heating and cooling degree-days from hourly weather data is given in Equations (1) and (2) respectively. This method is known as the degree-hour or hourly method.
where D h,d is the daily heating degree-days for one day (°C·day), θ b,h is the heating base temperature (°C) and θ o,i is the outdoor air temperature at the i-th hour of the day (°C).
where D c,d is the daily cooling degree-days for one day (°C·day), θ b,c is the cooling base temperature (°C) and θ o,i is the outdoor air temperature at the i-th hour of the day (°C).
Monthly heating and cooling degree-days, D h,m and D c,m , for a particular month are the sums of daily heating and cooling degree-days over that period. Similarly, annual heating and cooling degree-days, D h,a and D c,a , are the sums of monthly degree-days over the twelve months of the year. In cases where hourly meteorological data are not available, degree-days can be calculated from reduced datasets such as mean daily temperatures or mean monthly temperatures. In fact, the standard method of calculating degree-days varies around the world. In the US, published degree-days are calculated from mean daily temperatures [23] . The UK Meteorological Office (UKMO) publishes degree-days data for UK locations using daily maximum and minimum temperatures [24] . In cases where daily data are not available, monthly mean temperature and standard deviation of temperature can be used to calculate monthly degreedays [25] . The hourly method of calculating degreedays is more accurate than traditional methods. For this reason degree-days are calculated in this research from hourly weather data for the present-day and morphed hourly data for future climates.
Estimating energy consumption using degree-days
Since the heat loss from a building is directly proportional to the indoor-to-outdoor temperature difference, the energy consumption of a heated building over a period of time is related to the sum of these temperature differences over the period. The energy demand from heating systems for the heating season or for a particular period (usually a month) can be found from the Equation (3).
where F h is the energy demand from the heating system for the period considered (kW·h), η is the overall seasonal heating system efficiency (-), D h is the heating degree-days for the period under consideration (°C·day) and U is the overall building heat loss coefficient (kW·K −1 ). The estimation of energy demand of a cooled building is slightly different from the estimation of heating energy demand. Energy balance of a cooled building has a significant relationship to the fresh air or latent components of the cooling demand. Therefore, a singular heat gain co-efficient, similar to the heat loss coefficient (U ) in the Equation (3), cannot be used. One solution is to estimate energy consumption of the chiller, the calculation of which will vary depending on system type. A discussion on the variation of calculation procedures for various cooling systems can be found in [16, 19] . A generalized method of calculation is given in the Equation (4) to calculate energy demand from the cooling system for a particular period or cooling season by estimating the energy consumption of the chiller.
where F c is the energy demand from the cooling system for the period considered (kW·h), D c is the cooling degree-days for the period under consideration (°C·day), m is the mass flow rate of air (kg·s −1 ), c p is the specific heat of air (kJ·kg −1 ·K −1 ) and CoP is the average Coefficient of Performance of the plant (-).
Determining the base temperature
Traditionally, degree-day data are published at a building base temperature of 15.5°C in the UK [16] for 18 regions. Variable base degree-day data have recently been made available for 77 regions, weekly and monthly, at a range of building base temperatures from 10.5°C to 20°C [26] . In the US, heating and cooling degree-day data are published by the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) at base temperatures 18.3°C and 10°C respectively [23] . The choice of the base temperature depends on building construction techniques as well as climate variables such as humidity, wind regime, etc. for the particular region [17] . The use of building specific base temperature is, therefore, important for correct energy/degree-days correlations and should take into account the correct (and practical) energy balance of the building [27] . For this reason degree-days are calculated in this research at variable base temperatures ranging from 10°C to 20°C for heating and 10°C to 28°C for cooling degree-days at an interval of 0.5°C. The determination of building specific base temperature is out of scope of this paper; however, discussions on methods such as the use of building performance lines can be found in [16, 27] .
Construction of weather data for future climates 2.2.1. Downscaling
The projections from global climate models are coarse in terms of spatial and temporal resolutions. For example, the Hadley Centre Coupled Model, version 3 (HadCM3) from UKMO, which is used in the IPCC assessment report [3] , has a spatial resolution of 3.75°× 2.5°(longitude-latitude) 1 and generates monthly change fields as outputs [28] . The outputs need to be temporally and spatially downscaled for use in estimating building energy demand. Belcher et al. [29] developed one such downscaling method called morphing that combines present-day observed weather data with outputs from climate models. The procedure has been shown to yield weather time series that encapsulates the average weather conditions of future climate scenarios, whilst providing realistic weather sequences. In this method, the present-day design weather data are adjusted by the changes to climate projections by global circulation models (GCM) and regional climate models (RCM). The limitation of such method is that it retains the character and variability of the present-day climate, whereas the future climate may have a different character. However, the generated data have been found to be meteorologically self-consistent and coherent with the current best projections. Examples of the application of the morphing method can be found in [30] [31] [32] .
Morphing of weather data
The underlying methodology for weather data morphing consists of three generic operations depending on the weather parameter to be changed: shift; linear stretch (scaling); and shift and stretch [29] .
The shift and stretch operation is used in this research to adjust present-day dry bulb temperature by using IPCC projections for the monthly change of the diurnal mean, minimum and maximum dry bulb temperatures. This enables the integration of predicted variations of the diurnal cycle. In this operation, the present-day weather variable, x 0 is shifted by adding the projected absolute monthly mean change, ∆x m , and stretched by the monthly diurnal variation of this parameter, to generate the future-climate weather variable, x [29] :
where x 0 m is the monthly mean related to the presentday weather variable x 0 , and a m is the ratio of the monthly variances of x 0 and ∆x m .
Data sources
IPCC has adopted six basic global emissions scenarios, which depend on different assumptions for future economic growth, resource consumption, technology implementation, social equity and global population development [33] . These scenarios essentially represent possible development pathways of human activities and function as a baseline for climate change modeling. The outputs from the IPCC A2 scenario (medium-high emissions) for the corresponding grid for Dhaka [34] have been used in this study. The A2 storyline is described as comprising a heterogenous world where the underlying theme is self-reliance and preservation of local identities [33] . The scenario assumes that fertility patterns across regions converge very slowly, which result in continuously increasing global population. Economic development is considered to be primarily regionally oriented and per capita economic growth and technological change are more fragmented and slower than in other storylines. Baseline weather data; i.e., presentday dry bulb temperature (observed weather data), were obtained from the Solar and Wind Energy Resource Assessment (SWERA) [35] in Typical Meteorological Year (TMY) format. The advantage afforded by the use of the TMY data is the encapsulation of typical weather conditions as these are produced using an objective statistical algorithm to select the most typical month from the long-term record. Comparative discussions on various TMY methodologies can be found in [36, 37] . Figure 2 shows the number of hours in a year that a particular temperature occurs; i.e., the frequency distribution of temperatures in the four investigated climates: present-day, 2020s, 2050s and 2080s. The distribution was calculated at an interval width of 1°C . The distribution of temperature shifts to the right under the investigated future climates, indicating warmer temperatures. This is in line with general projections that the climate is getting warmer [3] . The distributions in the present-day and future climates are similar in pattern; i.e., no significant widening or narrowing of the distribution occurs in future climates. The peak in the distribution that shows the most frequent temperature is about 28°C in the present-day climate, which increases to about 29°C, 30°C and 31°C in the 2020s, 2050s and 2080s, respectively. The number of hours of occurrence of the peak temperature is also increasing, from 1036 hr in the present-day to 1097 hr in the 2080s. Figure 3 shows daily temperature ranges for the present-day and morphed future climates in the 2020s, 2050s and 2080s. Although the climates are generally getting warmer throughout the year, the increase in winter temperatures is more than that of the summer temperatures. Diurnal variations are generally greater during winter months (November to March) than summer (March to June) and monsoon (June to October) months in the present-day climate. This meteorological pattern is retained in future climates. However, with the increase in temperature, in particular in the 2080s climate, the length of winter season is shortened. The warming of the winter months are explored further in Figure 4 , which shows changes in the daily mean temperature in future climates from the present-day baseline climate. Polynomial curve-fits of the data highlight this trend in different climates with marked seasonal variations. The greatest change of about 30 % occurs in the 2080s in December whereas the greatest change in July is about 11 % for the same climate. Increased winter temperatures in future climates are likely to result in building overheating throughout the year as opposed to during summer and monsoon in the present-day climate. Overheating is explored further in the following section. 
Results and discussions
Dry bulb temperatures in future climates
Overheating
Building overheating is a serious concern for buildings in Dhaka, even in the present-day climate. Most buildings are at risk of overheating throughout the year, apart from the months: January and December. The situation is particularly worse for buildings with high internal gains such as commercial and educational buildings. Majority of the buildings are of solid wall construction without any thermal insulation, which increase solar gain in buildings. Fan-assisted ventilation is the primary means for maintaining comfort conditions in most buildings. However, the installation of refrigerant-based comfort cooling, in particular in commercial buildings, is increasing.
Various approaches have been taken in past research to define overheating criteria [38, 39] , which were predominantly based on the definition of acceptable thresholds of thermal comfort conditions. Since temperature is one of the key weather variables that affect thermal comfort, exceedance of certain temperatures for certain durations are usually used as an indicator of overheating. In a previous UK study on overheating [30] , the comfort threshold temperatures of 25°C and 28°C have been used. The criterion used was that internal temperatures should not exceed 25°C for more than 5 % of the year and/or exceed 28°C for more than 1 % of the year. On the other hand, research [40] indicates that comfort thresholds are higher in tropical humid locations such as Dhaka and tolerance to higher temperatures is above what is typical in cold or temperate climates. However, the thresholds of 25°C and 28°C are used in this study primarily because internal temperatures are often higher than external temperatures in a naturally ventilated building [38] during occupied hours as internal gains contribute to the rise in indoor temperature. The exceedance of overheating threshold temperatures at this magnitude highlights the fact that the goal of any design and/or refurbishment of buildings in Dhaka could first be to minimize internal and solar heat gains. Natural ventilation or even fan-assisted mechanical ventilation may not be adequate for comfort cooling and ventilation for majority of the buildings with moderate to high internal gains.
Degree-days
The present-day climate of Dhaka is characterized by high temperatures; hence the cumulative heating degree-days for this location is significantly less than the cumulative cooling degree-days. Annual heating degree-days, D h,a , at various heating base temperature, θ b,h , for the present-day, 2020s, 2050s and 2080s are given in Table 1 . At the widely used θ b,h = 15.5°C, D h,a is 34°C-day for the present-day and is reduced to 13°C-day, 3°C-day and 0°C-day in the 2020s, 2050s and 2080s, respectively. Therefore, the need for heating can be eliminated for all applications except where strict comfort conditions need to be maintained. For this reason, further investigations on degree-days in this research focus only on cooling degree-days.
Cooling degree-days
Annual cooling degree-days at all investigated base temperatures tend to increase in future climates. Figure 6 shows the variations in the number of cooling degree-days in the four investigated climates at base At θ b,c = 10°C, the ASHRAE reference base temperature for cooling [23] , annual cooling degree-days, D c,a for the present-day, 2020s, 2050s and 2080s are 5946°C-day, 6306°C-day, 6797°C-day and 7577°C-day, respectively. At θ b,c = 15.5°C, the UK reference base temperature [16] , D c,a for the present-day, 2020s, 2050s and 2080s are 3911°C-day, 4250°C-day, 4732°C-day and 5697°C-day, respectively. The magnitude and monthly variations of change in degree-days in different climates are discussed in the following sections. Figure 7 , which shows the flattening ten-dency of the curve between April and October in future climates. In the 2080s, monthly cooling degree-days are similar in magnitude between March and October, suggesting a consistently high demand for cooling.
Change in cooling degree-days
Changes in monthly cooling degree-days at different base temperatures in future climates from the baseline present-day climate is shown in Figure 8 . Monthly variations in change are uneven and disparate at different base temperatures. Increases in monthly cooling degree-days in the 2020s are almost even across the months of the year but an uneven trend appears to emerge in the 2050s onwards. Monthly cooling degree-days in winter months increase more than the cooling degree-days in monsoon months, except October. Changes in cooling degree-days for winter months (November to March) are higher at low base temperatures (e.g., θ b,c = 10°C) than those at high base temperatures (e.g., θ b,c = 25°C). As winter gets warmer in future climates the occurrences of temperatures above low base temperatures increases.
Percentage changes in monthly cooling degree-days at different base temperatures, representing the magnitude of change in future climates against the baseline present-day climate, are illustrated in Figure 9 . The magnitude of change in cooling degree-days are similar in shape to the magnitude of change in daily mean temperature in future climates (see Figure 4) . Percentage changes in cooling degree-days at high base temperatures (e.g., θ b,c = 25°C) are higher than those at low base temperatures (e.g., θ b,c = 10°C). D c,m at higher base temperatures is low in winter months in the present-day; therefore, small changes in the value in future climates translates to large percentage changes; e.g., the percentage change in monthly cooling degree-days in January in the 2080s at θ b,c = 25°C is 925 % but the actual change is only 37°C-day (41 − 4 = 37).
Hot spells
In addition to the risk of overheating (see Figure 5 ), the occurrence of hot spells will be prevalent in future climates, well beyond the months typically considered as hot. A hot spell has previously been defined as a period when the previous three or five days have had temperatures exceeding 25°C for more than three hours [30] . According to this definition, Dhaka experiences almost continuous hot spells throughout the year, except for a few days in January and December, even in the presentday climate. The severity (i.e., the differences between outdoor temperatures and the reference temperature) and the duration (i.e., the time this difference persists) of hot spells tend to increase in future climates, which will add further complexities in the energy efficient design and operation of a resilient built environment. Vulnerable groups of people such as babies, young children, elderly and people at-risk (e.g., people who are confined to bed or who has preexisting psychiatric illness) will be particularly affected by the excessive heat [41, 42] .
Building energy demand
It is evident that energy use for maintaining comfort conditions in buildings in Dhaka will continue to grow under future climates. Heating degree-days and corresponding energy demand is very low in the present-day and can be eliminated altogether in the future. Cooling degree-days and corresponding energy demand, on the other hand, will continue to increase under future climates and likely to affect the already stressed energy infrastructure in the country. Most of the cooling energy demand may have to be met through electricity, a carbon intensive form of energy. This will have serious consequences for energy security as the existing electricity infrastructure in Bangladesh is deemed as inadequate even to meet present demand. Only 43 % of the population is served by the grid and per capita electricity consumption in 2007 was 143.6 kW·h, which was one of the lowest in the world [43] . Electricity consumption is likely to increase with the growth in gross domestic product (GDP) and income. Increasing demand for energy for comfort cooling is likely to exacerbate the situation. Unless significant investments are made in research and development on low carbon cooling solutions, the impact of increased temperatures on buildings is likely to affect the country's energy security and carbon emissions.
As cooling energy demand is proportional to cooling degree-days for the corresponding period, it can be asserted that cooling energy consumption in a building in Dhaka with a balance point temperature of 10°C will increase by 6 %, 14 % and 28 % in the 2020s, 2050s and 2080s, respectively. Similarly, for buildings with a balance point temperature of 25°C, cooling energy consumption will increase by 23 %, 59 % and 127 % in the 2020s, 2050s and 2080s, respectively. Percentage changes in annual cooling degree-days; i.e., probable changes in cooling energy consumption, for base temperatures between 10°C and 25°C for future climates are given in Table 6 .
Adaptation of buildings to increased temperatures
Environmental design of buildings needs to be of high quality to tackle the challenges of overheating and hot spells. Temperatures in a poorly designed building can be in excess of the outdoor temperatures during hot spells. It has been suggested that through proper use of thermal storage and solar shading, it might be possible to keep the building close to the daily mean temperature, or even lower, for the duration of hot spells [30] . In these strategies, higher air temperatures are offset by cooler mean radiant temperatures and enhanced air movement [38] . However, the small diurnal variation; i.e., the difference between daily maximum and minimum temperatures (see Figure 3) , during summer and monsoon seasons, may restrict the effectiveness of such strategies.
It will be challenging to design buildings for natural or hybrid ventilation in Dhaka. Cooling loads comprising solar and internal heat gains will play an important role in the ability of a building to be naturally ventilated or to be adapted to the projected increases in temperature. In the UK, natural ventilation systems are said to be able to meet total heat loads (combined solar and internal heat gains) averaged over the day of around 30-40 W·m −2 [38] . This threshold of total loads will be even lower for Dhaka because of the prevalence of high temperatures and poor thermal performance of building envelopes. Careful design of the building fabric [44] including the size and orientation of windows; thermal insulation [45] and solar shading [46] may assist in reducing solar heat gain. Internal heat gains from people, equipment and lighting can be designed to avoid coincident solar and internal gains. It has been suggested that natural ventilation systems become ineffective if average coincident internal gains over the day exceed about 15-20 W·m −2 [47] . The minimization of the coincidence of the gains will determine how effective the strategies for the control of gains are; e.g., the responsiveness of the artificial lighting system to the availability of daylight. The location of heat-emitting business equipment in a space will be as important as the specification of their energy efficiency.
As outdoor temperatures will be higher than indoor zone setpoint temperature for most of the times in a year, pre-cooling of the air could be desirable at least for the hotter months of the year. Due to high solar resource availability (4.73 kWh·m −2 ·day −1 on average in Dhaka [48] ), solar absorption cooling [49, 50] could be a viable alternative to energy intensive refrigeration based cooling systems. However, research needs to be carried out on the performance of such systems in meeting the demand and whether the systems need to be co-located with significant heat sources (e.g., waste heat from industrial processes) or coolth storage to cope with the lack of solar radiation during the night. Among other solutions, thermo-active building systems (TABS) that employ building structure (wall, floor and ceiling) and its thermal storage capacity for building energy management [51] can offer desired energy efficiency while providing required thermal comfort.
In order to direct building activities, both new-build and retrofit constructions, in a sustainable direction, building regulations need to be updated to incorporate measures to adapt to the projected increases in temperature in future climates. Updates to the existing building regulations [52] need to be evidence based and could benefit from the developments and research [53, 54] in other countries.
Conclusion
Present-day statistically averaged weather data for Dhaka, Bangladesh is morphed with the projections for medium-high emissions scenario (IPCC A2 storyline) from the IPCC HadCM3 climate model to generate future hourly time series of temperature in the 2020s, 2050s and 2080s. Corresponding heating and cooling degree-days at different base temperatures for the baseline present-day and future climates are calculated from the time series. The distribution of temperature shifts to the right under future climates; i.e., higher temperatures occur more than lower temperatures, which is indicative of the overall warming of the climate. The increase in temperature is likely to result in increased occurrences of building overheating; e.g., temperatures above 28°C occur for about 71.9 % of the time of the year in the 2080s, compared to 31.0 % in the present-day. Continuous hot spell is likely to be a common feature in future climates. The combination of overheating and the increased occurrence of hot spells will be a challenge for energy efficient and low carbon building design and operation.
Heating degree-days are traditionally low in Dhaka due to the prevalence of high temperatures throughout the year. Heating degree-days continue to decrease in future climates. On the other hand, cooling degreedays continue to increase. However, there exists an uneven variation of monthly cooling degree-days at different base temperatures. Percentage changes in cooling degree days during winter months are consistently higher at all base temperatures than those of the summer and monsoon months. Corresponding cooling energy demand increases in all future climates.
The thermal performance of the majority of buildings in Dhaka is poor; e.g., single glazed windows without adequate solar shading. Hence solar heat gains are in excess of what can be efficiently tackled by natural or hybrid ventilation systems. The projected increases in temperature are likely to exacerbate the situation. As buildings have a typical lifespan of 50 to 100 years, prompt actions to regulate the environmental performance of buildings are necessary to enhance the resilience of Dhaka's buildings to climate change.
